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A B S T R A C T

Synthesis and application of nanoparticles (NPs) have shown promising results in various scientific fields due to 
their differentiating properties. However, current nanoparticle synthesis methods present environmental chal
lenges. In this study biosynthesized silver nanoparticles (AgNPs) were produced from microbial culture super
natants as an alternative to traditional routes for controlling biodeteriogenic microorganisms in cultural heritage 
materials. The particles strongly inhibited cultural heritage colonizing bacteria and fungi, with minimum 
inhibitory concentrations ranging from 3 to 28 ppm. Kinetic analysis of disc diffusion assays revealed that in
hibition zones correlate directly with silver ion release rates, rather than nanoparticle diffusion in agar. This led 
to a proposition of a simplified mechanistic model of Ag-based NPs behavior in disc diffusion assay. These 
findings carry broad implications - not only for the conservation of Cultural Heritage but also for diverse sectors, 
particularly human health - where accurate assessment of antimicrobial efficacy is paramount. To ensure ac
curate assessments, alternative methods should be standardized.

1. Introduction

Nanoparticles have a great variety of applications and properties, 
including color-tunable optics, enhanced mechanical or conductive 
performance, improve biomaterials properties (Wang et al., 2023), boost 
immunoassays sensitivity (Zhang et al., 2025), efficient photocatalysts, 
and high antimicrobial activity (Khan et al., 2019; Ogochukwu et al., 
2024). Nanoparticle synthesis methods are broadly categorized into 
chemical, physical, and biological, each with their own advantages and 
disadvantages. Physical methods (mostly top-down approaches), typi
cally do not involve chemical reagents or solvents, resulting in “cleaner” 
nanoparticles with high purity (Jagdeo, 2023; Al-Harbi and 
Abd-Elrahman, 2024). However, they often require specialized 

equipment and high energy consumption. Chemical methods, by far the 
most used, offer good control, scalability and many functionalization 
options, but usually require the use of toxic or environmentally haz
ardous reagents and solvents (Vishwanath and Negi, 2021). Biological 
methods (biosynthesis), which use complex extracts from plants or su
pernatants from microorganisms, require less energy and avoid haz
ardous chemicals, reducing their environmental and economic impact, 
though they require more laborious isolation protocols (Ying et al., 
2022).

Because there is an ever-increasing need for approaches that use less 
resources (Pérez-Hernández et al., 2021), and biosynthesis lowers en
ergy input and eliminates most hazardous solvents, it directly advances 
the United Nations Sustainable Development Goals - especially SDG 9 
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(Industry, Innovation and Infrastructure) and SDG 12 (Responsible 
Consumption and Production) - while still producing functional metal 
nanoparticles. Also, recent works show that biosynthesized AgNPs can 
match or surpass the antimicrobial efficacy of traditional dry and wet 
chemistry routes while reducing life-cycle CO2 emissions (compared 
with traditional methods) (Pourzahedi and Eckelman, 2015; Temi
zel-Sekeryan and Hicks, 2020; Han et al., 2025), therefore presenting 
itself as a better alternative, particularly for applications where high 
purity and precise functionalization control is not required.

One example of such applications is the control of microbiological 
contamination (biocontamination) of cultural heritage materials which 
might lead to its deterioration in a process referred to as biodeterioration 
(Camuffo et al., 2010). Cultural Heritage (CH) embodies the accumu
lated knowledge of generations and provides a foundation for identity, 
continuity, and future innovation (UNESCO, 1972; The European 
Council, 2006). Therefore, preserving CH by controlling microbiological 
contamination is crucial for ensuring the longevity of the knowledge it 
holds. There have been a few studies on the use of nanoparticles, 
particularly metal-based nanoparticles (mainly commercial or chemi
cally synthesized), against the biocontamination of such materials with 
promising results regarding their antimicrobial potential against mi
croorganisms isolated from cultural heritage materials (Franco-Castillo 
et al., 2021). However, these findings primarily rely on antimicrobial 
assays designed for clinical microbiology, which often involve organic 
antimicrobials, raising questions about their relevance to nanoparticle 
studies (Franco-Castillo et al., 2021; Gopal et al., 2018; Kourmouli et al., 
2018).

Despite the environmental advantages noted above, relatively few 
studies have (i) tested biosynthesized AgNPs against CH specific mi
croorganisms (Franco-Castillo et al., 2021; Carrapiço et al., 2023) or (ii) 
evaluated whether standard diffusion assays correctly reflect ion-driven 
nanoparticle action (Gopal et al., 2018; Kourmouli et al., 2018). 
Addressing both issues is essential for delivering highly efficient anti
microbials with lower environmental impact for CH conservation. 
Accordingly, the present work couples microbiological supernatant 
syntheses with two main objectives: (i) measuring the efficacy of the 
resulting AgNPs against a panel of CH isolates and (ii) determining, 
through kinetic analysis, whether the disc diffusion assay faithfully 
captures their antimicrobial potential.

Thus, aiming to contribute to the conservation of CH by using 
innovative approaches that use less energy, produce fewer toxic wastes 
and reduce costs, we intended to synthesize Ag-based NPs with high 
antimicrobial potential, using supernatants of microbial cultures. This 
method stands out by leveraging microbe-derived components, poten
tially enhancing antimicrobial efficacy while reducing environmental 
impact. Following synthesis, Ag-based NPs were characterized (DLS, 
SEM-EDX, XRD, ICP-MS) and assayed against biodeteriogenic microor
ganisms previously isolated from contaminated CH objects. To assess the 
antimicrobial potential of the biosynthesized Ag-based NPs, minimum 
inhibitory concentration (MIC), post-exposure growth, and disc diffu
sion assays were used. Additionally, from kinetics analysis using a 
mathematical model that estimates silver ion release rates from AgNPs, 
new insights into the applicability of the disc diffusion method for 
assessing nanoparticle antimicrobial potential were revealed. Building 
on these findings and supported by earlier studies, a simplified mecha
nism was also proposed to explain how nanoparticles exert their anti
microbial effects in disc diffusion assays.

2. Materials and methods

2.1. Reagents and culture media

All chemicals were of analytical grade, and biological powders used 
for culture media preparation met microbiology standards. Chemicals 
and biological powders were used as received without any further pu
rification: D(+)-glucose monohydrate and AgNO3 99.8 % (PanReac 

AppliChem); dehydrated Nutrient Broth (NB), dehydrated Muller Hin
ton Agar (MHA) and Muller Hinton Broth (MHB) (OXOID); Yeast extract, 
mycological peptone, and Potato Dextrose Agar (PDA) (HIMEDIA); 
RPMI-1640 Medium (Sigma) (used as-is). Culture media and other ma
terial was sterilized by autoclaving (120 ◦C, 15 min). Liquid media 1 
(M1) was prepared by dissolving NB (13 g ⋅ L− 1) in distilled water. 
Liquid media 2 (M2) was prepared by dissolving yeast extract (10 g ⋅ 
L− 1), mycological peptone (10 g ⋅ L− 1) and glucose (20 g ⋅ L− 1) in 
distilled water. For solid media, agar was added to the respective media 
(15 g ⋅ L− 1). Pellets resuspensions and dilutions were made using ul
trapure sterilized water (Milli-Q).

2.2. Microorganisms

2.2.1. Microbial cultures for NPs syntheses
Microorganisms were selected based on a literature review of 85 

studies published since 2009, referencing 90 microbial strains success
fully used for Ag-based NPs synthesis (Sharma et al., 2009; Narayanan 
and Sakthivel, 2010; Thakkar et al., 2010; Zhang et al., 2016; Singh 
et al., 2018). Aiming at simplifying purification processes, intracellular 
syntheses and mold cultures were excluded. We also prioritized meso
philic strains that are reported (Sharma et al., 2009; Narayanan and 
Sakthivel, 2010; Thakkar et al., 2010; Zhang et al., 2016; Singh et al., 
2018) to secrete reductants capable of yielding small, stable AgNPs 
without harsh capping agents, thereby minimizing both energy input 
and downstream purification processes. Thus, three bacterial isolates, 
one strain of Arthrobacter sp. (Ma1) (Dias, 2020) and two Bacillus spp. 
strains (Bacillus licheniformis - Mb2, and Bacillus sp. - Mu7) (Dias, 2020), 
together with two yeasts strains, Saccharomyces cerevisiae (Ms5 – Gen
Bank OR790557.1) (Salvador et al., 2023) and Rhodotorula mucilaginosa 
(Mr6) (Dias, 2020), were selected.

2.2.2. Microorganisms for antimicrobial activity assays
Microbial isolates to be tested on antimicrobial activity assays were 

selected based on their known potential as contaminating agents for CH 
and had been previously isolated from contaminated cultural heritage 
materials: Bacillus cereus (GenBank OR831969.1) (Dias, 2020; Salvador 
et al., 2023), Pseudomonas stutzeri (Dias, 2020), Aspergillus niger (Nunes, 
2017), Penicillium citrinum (GenBank OR836964.1) (Salvador et al., 
2023a), and Cladosporium ramotenellum (Dias, 2020).

2.3. Ag-based NPs syntheses

Silver-based nanoparticles (Ag-based NPs) were synthesized using 
cell-free supernatants of microbial cultures (Fig. 1), and all experiments 
performed in triplicate. Microorganisms were initially grown on solid 
media and transferred to agar slants for storage (4 ◦C) until further use. 
Stock liquid cultures were prepared by inoculating microbial saline 
suspensions from agar slants (5 mL) into liquid media (95 mL of NB and 
YB, respectively) and incubated (37 ◦C, 120 rpm, 24 h for bacteria; 
30 ◦C, 120 rpm, 72 h for fungi). Then, for Ag-based NPs synthesis, stock 
culture (5 mL) was transferred into fresh liquid media (95 mL), incu
bated under the same conditions, and centrifuged (12000 rpm, 30 min, 
4 ◦C) to remove cells and debris, leaving the supernatants as reaction 
media. Silver nitrate (1 mM) was added to the supernatants, and the 
mixtures were incubated (120 rpm, 30 ◦C, 24 h). Ag-based NPs were 
isolated and purified by repeated centrifugation (12000 rpm, 60 min, 
4 ◦C) and washed with ultrapure water (2 cycles). The resulting pellets 
were freeze-dried (24 h), and their mass was determined using a pre
cision scale and the following formula: 

mpellet =m(microtube+pellet) − m(microtube)

The pellets were then resuspended in ultrapure water (MilliQ) for a 
final concentration of 2000 ppm.

A. Carrapiço et al.                                                                                                                                                                                                                              International Biodeterioration & Biodegradation 205 (2025) 106167 

2 



2.4. NPs characterization

2.4.1. Field-emission scanning electron microscopy (FE-SEM)
The morphology (size and shape) of the Ag-based NPs was deter

mined by using FE-SEM (TESCAN CLARA) operating at 20 kV using the 
backscattered electron detector and the ultra-high-resolution mode. For 
sample preparation, pellet suspensions were diluted (1:50), placed on 
top of glass slides (15 μL) and dried (1 h, 50 ◦C). Particle sizes were 
measured using ImageJ 1.51k software (Schneider et al., 2012).

2.4.2. Energy dispersive X-ray spectrometry (EDX)
Elemental mapping and spectra of the Ag-based NPs’ suspensions 

were obtained by using SEM (HITACHI S-3700N) equipped with EDS 
(BRUKER XFlash 630M) operating at 15 kV (estimated ~20 nA probe 
current). Spectra of the Ag-based NPs’ suspensions used for calibration 
curve determination were obtained by using UHR FE-SEM (TESCAN 
CLARA) operating at 20 kV using analysis mode (0.3 nA beam current). 
Samples were analyzed without dilution on top of glass slides (2 μL) after 
drying (1 h, 50 ◦C). EDX spectra were analyzed using NIST DTSA-II 
Oberon (2024-06-11 revision) (Ritchie et al., 2012). Additionally, 
because the calibration curve was established at 20 kV, whereas most 
unknowns were measured at 15 kV, we ran Monte Carlo simulations in 
DTSA-II to quantify how the lower accelerating voltage reduces the Ag 
X-ray yield and to derive a 15 kV–20 kV correction factor for the net 
counts. These simulations, performed with the same beam current, 
consider electron scattering and absorption, allowing cross-voltage 
comparison of Ag intensities (Ritchie, 2009; Newbury and Ritchie, 
2022).

2.4.3. X-ray diffraction (XRD)
XRD analysis was performed using a BRUKER D8 Discover X-ray 

diffractometer (CuKα radiation (λ = 1.5418 Å)) to investigate the crys
tallinity of the synthesized Ag-based NPs. Pellet suspensions (60 μL) 
were placed on top of a Si sample holder, dried (1 h at 50 ◦C), and then 
scanned in the 2θ range of 5 deg–75 deg at a scan speed of 0.05 deg ⋅ s− 1. 
X-ray diffractograms were analyzed using QualX 2.24 (Altomare et al., 
2015) and Profex 5.1.1 (Doebelin and Kleeberg, 2015) software based 
on the COD (Gražulis et al., 2009; Vaitkus et al., 2021) and RUUFF 
(Lafuente et al., 2015) databases.

2.4.4. Dynamic light scattering (DLS)
Dynamic Light Scattering (DLS) technique was used to obtain the size 

distribution profile of the synthesized Ag-based NPs in solution. First, 
solutions were diluted (1:10) using ultrapure water (Milli-Q). Finally, 
their particle size distribution and dispersity (Ð) were determined by 
using a particle size analyzer (MALVERN Zetasizer Nano ZS) at 25 ◦C. 
Particle sizes were obtained from the average of at least 12 different 
measurements. Size and Ð results’ analyses were made using Malvern 
Zetasizer software v8.02 (Malvern Panalytical, 2021) (“DLS”, Support
ing information 1).

2.4.5. Inductively coupled plasma mass spectrometry (ICP-MS)
The concentration of Ag in the samples was determined using 

inductively coupled plasma mass spectrometry (ICP-MS) with a triple 
quadrupole mass spectrometer (Agilent 8800) (“ICP-MS”, Supporting 
information 1). Samples were introduced into the plasma using a 
pneumatic nebulizer coupled with a spray chamber to ensure consistent 
aerosol generation (1.01 L ⋅ min− 1 carrier gas flow (Ar); 15 L ⋅ min− 1 

plasma gas flow (Ar) rate). To minimize spectral interference, a helium 
(He) collision cell (4 mL ⋅ min− 1 reaction gas flow) was used, reducing 
polyatomic interference, particularly from matrix elements. Each sam
ple was measured in triplicate (10 sweeps per replicate). Ag-based NPs 

Fig. 1. Protocol for NPs biosynthesis using supernatants of microbial cultures and a simplified hypothetical biosynthesis mechanism. 
Legend: Reproduced from Carrapiço et al., 2023 under creative common CC-BY license.
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were digested overnight (~16 h) with nitric acid (65 %, suprapur). After 
acidic digestion, samples were diluted to a 2 % HNO3 concentration (v/ 
v) with ultrapure water (Milli-Q). Silver quantification was performed 
by means of an external calibration curve using silver standards solu
tions prepared in sample-identical matrix conditions. The 107Ag isotope 
was monitored and used for elemental quantification, and the data 
processed using a nine-point calibration curve (0, 2, 5, 10, 20, 50, 100, 
200, 400 ppb) with a limit of detection (LOD) and limit of quantification 
(LOQ) of 2.5 ppm and 8.4 ppm, respectively (“ICP-MS”, Supporting in
formation 1).

2.5. Antimicrobial activity assays

2.5.1. MIC experimental procedures
Minimum Inhibitory Concentration (MIC) assays were adapted from 

established protocols (Schwalbe et al., 2007; Espinel-Ingroff et al., 2012; 
Berkow et al., 2020). PDA grown cultures were suspended in a 0.9 % 
NaCl solution (1.0 x 106 CFU ⋅ mL− 1) using Neubauer chamber counts. 
AgNP suspensions were distributed into 96-well microplates and serial 
dilutions were made in order to obtain concentrations ranging from 
1000 mg ⋅ L− 1 to 31.25 mg ⋅ L− 1 (1000, 500, 250, 125, 62.5, 31.25 mg ⋅  
L− 1, pellet concentration) in each column. Microbial suspensions were 
added to all rows except one, which contained only sterile Muller Hinton 
Broth (MHB) as negative controls for microbial growth. This setup 
yielded six AgNPs concentrations, a positive control (microbial growth) 
and sterility controls for each replicate. Because each AgNPs suspension 
was available in limited volume, MIC assays were always run in dupli
cate where possible and as single replicates when material was insuffi
cient (Table S9, Supporting information 2). Microplates were incubated 
without agitation at 27 ◦C ± 2 ◦C for 24 h (Pseudomonas stutzeri), 48 h 
(Arthrobacter sp.), and 72 h (Aspergillus niger and Penicillium citrinum). 
Because sample volume was limited, the full MIC plus post-exposure 
regrowth protocol was performed on at least one representative isolate 
per taxonomic group (Gram-negative, Gram-positive, two filamentous 
fungi). Bacillus cereus and Cladosporium ramotenellum were assessed only 
by disc diffusion. After incubation, the plates were examined under a 
stereoscopic microscope for visible microbial growth (Table S9, Sup
porting information 2). The MICs were defined as the lowest concen
tration that completely inhibited visible microbial growth.

2.5.2. Post-exposure regrowth assay
Following MIC determination, 10 μL from each well showing no 

visible growth was streaked onto fresh Potato Dextrose Agar (PDA) 
plates using sterile, disposable calibrated loops, and incubated at 27 ±
2 ◦C (~24 h for bacteria; ~72 h for fungi) (Schwalbe et al., 2007). 
Growth of re-inoculated MIC positive controls was used as reference for 
growth. Plates were read for colony regrowth: absence of colonies 
indicated bactericidal/fungicidal activity at the tested concentration, 
whereas visible colonies indicated a bacteriostatic/fungistatic effect. 
Because our objective was to distinguish lethality qualitatively rather 
than to document a ≥99.9 % CFU reduction, no colony counts were 
made. The assay therefore yields a qualitative lethality endpoint rather 
than a formal minimum lethal concentration (MLC).

2.5.3. Disk diffusion assays
Disk diffusion assays were adapted from established methods 

(Schwalbe et al., 2007; Espinel-Ingroff et al., 2012; Espinel-Ingroff, 
2007; Espinel-Ingroff et al., 2011; CLSI, 2014; The European Committee 
on Antimicrobial Susceptibility Testing, 2023) to evaluate the antimi
crobial activity of Ag-based NP suspensions. PDA grown cultures were 
suspended in a 0.9 % NaCl solution up to 1.0 x 108 CFU ⋅  mL− 1 using 
Neubauer chamber counts. Microbial suspensions were evenly spread on 
Mueller-Hinton agar plates (90 mm) with a sterile cotton swab, streaking 
in three directions to ensure uniform coverage. Then, sterile 6 mm paper 
filter discs were placed on the plates, and 5 μL of AgNPs suspension (2 
mg ⋅ mL− 1 pellet concentration) was applied to each disc. Three 

independent plates were prepared for each microbial strain, giving n = 3 
biological replicates for the disc diffusion assay. Two untreated paper 
discs served as sterility controls. No commercial antimicrobial disc was 
included because the objective was to compare AgNPs samples. Inhibi
tion diameters were therefore interpreted relative to the sterile-disc 
negative control. Plates were then incubated at 27 ◦C ± 2 ◦C for 24 h 
(Pseudomonas stutzeri and Bacillus cereus), 48 h (Aspergillus niger and 
Penicillium citrinum), or 72 h (Cladosporium ramotenellum). Inhibition 
zones were measured using ImageJ (Schneider et al., 2012). The disc 
diameters were averaged from two perpendicular measurements, while 
inhibition zone diameters were averaged from four straight-line mea
surements to account for irregular diffusion patterns. The inhibition 
distance was calculated as: 

Inhibition distance=
Average inhibition zone diameter − Disc diameter

2 

This represents the average radial distance from the disc edge to the 
inhibition zone boundary.

2.6. Mathematical models, simulations, and statistical analysis software

2.6.1. Mathematical models
Model for EDX quantification of thin films from Ritchie et al. (2023). 

IFilm =

(
Ω
4π

)

ϵjωj

(
[ιτ]Film

qe−

)(
CZFilmN

AZ

)

QZ
l (E0)FFχ 

Fχ =

∫ ∞

0
ϕB(ρz)exp(− χBρz)dρz 

Ignoring the effects of absorption in the film, Fχ = ρFilm⋅tFilm, 

IFilm =

(
Ω
4π

)

ϵjωj

(
[ιτ]Film

qe−

)(
CZFilmN

AZ

)

QZ
l (E0)F ρFilmtFilm 

Where:
IFilm – characteristic X-ray intensity for the j-th transition (net counts)
Ω – detector solid angle (sr)
π – number pi
ϵj – fractional detector efficiency for j-line (this term cancels)
ωj – fluorescence yield (dimentionless)
[ιτ]Film – probe dose (nA ⋅ s)
qe− – electron charge (C)
CZFilm – mass fraction of element Z (g ⋅ g− 1)
N – Avogadro’s Number (mol− 1)
AZ – atomic weight of the Ag (g)
QZ

l (E0) – ionization cross-section for the l-shell of Ag for electrons of 
kinetic energy E0. (cm2)

F – secondary fluorescence correction (dimentionless)
ρFilm – density of the film constituent material (g ⋅ cm− 3)
tFilm – film thickness (cm)
Simplifying: 

IFilm = k1,Agk2,keV⋅[ιτ]Film⋅ρFilm⋅tFilm 

Since ρFilm⋅tFilm =
mAg
S , 

IFilm = k1,Agk2,keV [ιτ]Film
mAg

S 

k1,Ag – constant terms dependent of Ag properties
k2,keV – constant terms dependent of incident beam energy (E0)
mAg – total mass of Ag (g)
S – area of analysis (cm2)
Model for silver ions release from nanoparticles developed from the 

Arrhenius equation from Zhan et al. (Zhang et al., 2011). 
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γAg+ =
3
4

(
8πkBT

mB

)1/2

ρ− 1e

(
− Ea
kBT

)

[Ag]r− 1[O2]
1/2

[H+]
2 

Where:
γAg+ – release rate of Ag+ form NPs (mol ⋅ L− 1 ⋅  h− 1)
π – number pi
kB – Boltzmann’s constant (J ⋅ K− 1)
T – Temperature (K)
mB – molar mass of Ag (g ⋅ mol− 1)
ρ – density of particles (g ⋅ cm− 3)
Ea – activation energy for Ag oxidation (J)
[Ag] - total concentration of silver (mol ⋅ L− 1)
r – NPs’ radius (nm)
[O2]

1/2 – concentration of dissolved O2 (mol ⋅ L− 1)
[H+]

2 – concentration of H+ in solution (mol ⋅ L− 1)
Assuming T, [O2]

1/2
, [H+]

2 constants, then: 

γAg+ = κ3,Ag[Ag]r− 1ρ− 1 

Where: 

κ3,Ag =
3
4

(
8πkBT

mB

)1/2

e

(
− Ea
kBT

)

[O2]
1/2

[H+]
2 

Normalizing for r− 1ρ− 1 by multiplying both terms by these parame
ters gives: 

γAg+ ⋅ r⋅ρ∝κ3,Ag[Ag]

2.6.2. Simulations and statistical analysis software
Monte Carlo simulations for EDX quantification corrections were 

made using NIST-DTSAII (Ritchie, 2009; Ritchie et al., 2023). Statistical 
analyses and graphics were made using R Studio (Posit team, 2024).

3. Results and discussion

3.1. Characterization of biosynthesized NPs

3.1.1. Quantification of Ag
An approach using both ICP-MS and EDX analysis was used for 

quantification of silver in samples containing AgNPs. These samples 
were used as in-house standards. They were digested in HNO3 65 %, 
diluted to HNO3 2 % (after digestion), and quantified for 107Ag using 
ICP-MS. These same samples were also analyzed using EDX. Based on the 

model for quantification of thin films 
(

IFilm = k1,Agk2,keV [ιτ]Film
mAg
S

)
, Ag 

net counts obtained from EDX analysis were multiplied by the area of 
acquisition (cm2) and divided by the probe dose (nA ⋅ s) which resulted 
in a normalized intensity measurement IAg,norm (cm2 ⋅ nA− 1 ⋅ s− 1). IAg, 

norm values were then plotted against the Agmass (μg) obtained from ICP- 
MS (Fig. 2) (“EDX|ICP-MS quantification”, Supporting information 1), 
which showed a good linear correlation, therefore enabling the deter
mination of Agmass from Ag net counts obtained by EDX analysis (E0 =

20 kV).
ICP-MS quantification for biosynthesized NPs was not possible due to 

equipment and sample unavailability. However, they were analyzed 
using EDX. Therefore, to estimate the Agmass, the correlation between 
IAg,norm and Agmass from EDX analysis could be applied. However, since 
the experimental accelerating voltage (E0) used was 15 kV, the model 

Fig. 2. Calibration curve for determining silver mass (μg) from normalized EDX intensity (IAg,norm).
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developed for 20 kV could not be directly applied. To address this, 
Monte Carlo simulations were performed using NIST DTSAII (Newbury 
and Ritchie, 2022; Ritchie et al., 2023) to correct EDX counts from 15 kV 
to 20 kV (Tables S5 and S6, Supporting information 2). First, the 
experimental analytical conditions and parameters were added into the 
software, and simulations were run to generate EDX spectra. These 
simulated spectra were compared with experimental spectra to validate 
the accuracy of the simulations. Next, with all other parameters held 
constant, E0 was adjusted to 20 kV, and new simulations were run. 

Finally, the ratio of signal intensities for Ag at 15 kV and 20 kV 
(

IAg,15 kV
IAg,20 kV

)

was calculated and used to correct experimental data.
The corrected Ag net count from the biosynthesized NPs samples 

were normalized by applying the rational presented above for the cali
bration curve samples, based on the model for EDX analysis of thin films 
(Ritchie et al., 2023). This resulted in IAg,norm values for the samples, 
which were then used to determine the mass and concentration of Ag, 
applying the calibration curve formula (Table 1) (“EDX|ICP-MS quan
tification”, Supporting information 1).

3.1.2. Morphology
Nanoparticle size and morphology were analyzed using field emis

sion scanning electron microscopy (FE-SEM) and dynamic light scat
tering (DLS). SEM allows direct observation of nanoparticle morphology 
and individual sizes, whereas DLS provides size distributions of nano
particles in colloidal form. Given that the particles ranged from 15 to 67 
nm, the resolution provided by FE-SEM (~1.5 nm) (Bhattacharya and 
Acharya, 2020) was sufficient for accurate size measurement. FE-SEM 
images confirmed the production of predominantly spheroid nano
particles within the size range of 1–100 nm (Table 2) (Fig. S1 and 
Tables S1, S2, and S3, Supporting information 2; “SEM analysis”, Sup
porting information 1). DLS results show larger hydrodynamic di
ameters compared to direct size measurements from SEM, which is 
consistent with the influence of solvation layers and the sensitivity of the 
Z-average to larger particles within the distribution. The dispersity (Ð) 
values indicate variability in particle sizes, suggesting a degree of het
erogeneity in the samples’ aggregation in suspension (Table 2; “DLS”, 
Supporting information 1). The combined results from FE-SEM and DLS 
confirm the successful biosynthesis of nanoparticles using supernatants 
of microbial cultures, with predominantly spherical morphology and a 
size range within the nanoscale.

3.1.3. Elemental and molecular analysis
Energy-dispersive X-ray spectrometry (EDX) was employed to 

analyze the elemental composition of the nanoparticles and to pre
liminary identify potential interactions or compound formations. EDX 
mapping provided insights into the spatial distribution of elements, 
while semi-quantitative analysis was used to estimate atomic ratios of 
key elements, such as Ag and Cl (Table 3) (Table S4, Supporting infor
mation 2). For nanoparticles synthesized using YB, EDX detected the 
presence of Ag as the primary element, accompanied by vestigial con
centrations of C, S, and P (“EDX semi-quantification”, Supporting in
formation 1). These elements are likely associated with the 
nanoparticles’ protein corona, which forms due to the adsorption of 
biomolecules on the nanoparticle surface during biosynthesis (Monopoli 
et al., 2011). While most samples were well purified, a subset showed 
residual impurities, as suggested by diffuse features in FE-SEM images. 
These samples underwent an additional purification cycle to ensure 
consistent quality prior to antimicrobial testing. In samples synthesized 
using NB, a similar elemental profile was observed, with the inclusion of 
Cl. Semi-quantitative EDX analysis revealed Ag:Cl atomic ratios close to 
1:1, and mapping showed significant overlap between Ag and Cl signals 
(Table S4, Supporting information 2; “EDX semi-quantification”, Sup
porting information 1). These results suggest the formation of AgCl 
nanoparticles (AgClNPs) alongside AgNPs, depending on the initial re
action conditions.

XRD analysis confirmed the molecular composition and crystalline 
structure of the biosynthesized nanoparticles (Table 3; Table S7, 

Table 1 
Silver concentration of biosynthesized NPs determined via ICP-MS, EDX, thin- 
film models, and Monte-Carlo simulations.

Sample Icorrected,Ag [cm2 ⋅ nA− 1 ⋅  s− 1]a) Agmass [μg]b) Agconcentration [ppm]c)

M1 0.479 1.30 650
M1Ma1 0.443 1.20 600
M1Mb2 0.511 1.38 692
M1Ms5 1.278 3.46 1729
M1Mr6 0.849 2.30 1149
M1Mu7 0.606 1.64 821
M2 0.005 0.02 10
M2Ma1 0.082 0.23 113
M2Mb2 0.258 0.70 351
M2Ms5 0.284 0.77 386
M2Mr6 0.139 0.38 190
M2Mu7 0.139 0.38 190

a) Icorrected,Ag was obtained by applying the model for EDX analysis of thin 
films (Ritchie et al., 2023), after correction for E0 using Monte Carlo simulations 
(Newbury and Ritchie, 2022).

b) Agmass was obtained from the calibration curve of Icorrected,Ag from EDX vs. 
Agmass from ICP-MS quantification, assuming continuous linearity.

c) Agconcentration was calculated using the analysis volume of 2 μL.

Table 2 
Size and hydrodynamic properties of biosynthesized NPs from SEM and DLS 
analyses.

Sample SEM [nm]a) Z-Average [nm]b) Ðc)

M1 22 ± 5 208 0.442
M1Ma1 15 ± 3 76 0.203
M1Mb2 37 ± 18 152 0.341
M1Ms5 d 110 0.559
M1Mr6 67 ± 24 115 0.082
M1Mu7 d 85 0.302
M2 d 168 0.360
M2Ma1 17 ± 3 138 0.165
M2Mb2 20 ± 4 50 0.458
M2Ms5 16 ± 3 100 0.184
M2Mr6 32 ± 16 112 0.356
M1Mu7 d 81 0.392

a) SEM sizes determined from the average of ≥50 individual NPs measure
ments of FE-SEM-UHR images, using ImageJ software.

b) Z-Average: average hydrodynamic diameter of the NPs suspended in ul
trapure water (MilliQ).

c) Ð: dispersity. DLS results analyzed using Zetasizer software v8.02.
d) Not possible to acquire good resolution FE-SEM images.

Table 3 
Elemental composition and crystalline structures of biosynthesized NPs.

Sample Ag:Clatom (EDX)a) Crystalline structure (XRD)

M1 0.8 Chlorargyrite (fccc, AgCl)
M1Ma1 1.3 Chlorargyrite (fccc, AgCl)
M1Mb2 1.2 Chlorargyrite (fccc, AgCl)
M1Ms5 1.0 Chlorargyrite (fccc, AgCl)
M1Mr6 1.0 Chlorargyrite (fccc, AgCl)
M1Mu7 1.2 Chlorargyrite (fccc, AgCl)
M2 d Chlorargyrite (fccc, AgCl)
M2Ma1 5.0 Amorphous
M2Mb2 9.0 Amorphous
M2Ms5 Ag onlyb) Silver (fccc), Ag)
M2Mr6 Ag onlyb) Silver (fccc), Ag)
M1Mu7 Ag onlyb) e

a) Ag:Clatom: Ag:Cl atomic ratio from EDX after correction for background.
b) Ag only: vestigial or no Cl was detected.
c) fcc: face cubic centered crystalline structure.
d) Not possible to determine ratio.
e) Not possible to obtain diffractogram.
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Supporting information 2), complementing EDX results. Diffractograms 
of NB-synthesized samples revealed sharp, well-defined peaks associ
ated with AgClNPs, exhibiting face-centered cubic (fcc) crystalline 
structures. Characteristic peaks from planes (111), (200), (220), and 
(311) confirmed the formation of chlorargyrite (AgCl). In contrast, YB- 
synthesized samples exhibited broader peaks, due to their lower con
centrations, and amorphous bands, revealing the presence of non- 
crystalline material. M2Ms5 and M2Mr6 exhibited fcc crystalline 
peaks corresponding to silver planes (111) and (200). For samples 
M2Ma1 and M2Mb2, the lack of detectable Cl, despite the observed 
amorphous patterns, suggests the presence of non-crystalline AgNPs. For 
sample M2, vestigial peaks from planes (111), (200), (220), and (311) 
suggest the formation of chlorargyrite (AgCl). This conflicts with the 
EDX analysis of M2, where only silver was detected. A possible expla
nation for this discrepancy is the low concentration of sample M2, 
which, under the conditions used for EDX analysis might not allow for Cl 
detection. Additionally, XRD was performed on a film produced by 
evaporating 60 μL of suspension, therefore the diffractometer analyzed a 
relatively large and thick film in which even a minor crystalline AgCl 
fraction could be detected. EDX, by contrast, analyzed a much smaller 
and thinner film obtained from only 2 μL which could make Cl signal 
undetectable. Together, the smaller sampling volume and surface- 
weighted nature of EDX may account for the absence of Cl in EDX 
despite the AgCl vestigial signature in XRD. The differences between M2 
(AgClNPs) and the remaining YB-synthesized samples (AgNPs), while 
needing further research, hint for the influence of the microorganisms in 
the concentration of Cl− which changes the NPs composition. Overall, 
XRD and EDX analyses suggest that NB conditions favor the formation of 
crystalline AgClNPs, while YB conditions result in a mixture of crystal
line and amorphous AgNPs, with compositions influenced by reaction 
medium properties and microorganisms, as expected.

3.2. Antimicrobial activity

After characterization, all nanoparticle suspensions were screened 
against microorganisms isolated from contaminated cultural-heritage 

materials. Antimicrobial activity was evaluated by minimum inhibi
tory concentration (MIC) assays, post-exposure regrowth assays and 
disc-diffusion tests. Because each pellet was standardized to 2 mg mL− 1, 
the remaining volume was limited; as a result, some suspensions could 
not be assessed by every method, and the MIC dilution series could not 
be extended below 3–27 ppm (lower bound determined by the initial 
sample concentration). MIC values that coincided with this lowest 
concentration are flagged in the Fig. 3 and “MIC”, Supporting Infor
mation 1, to indicate that the true MIC may be lower.

3.2.1. Broth microdilution assays
The antimicrobial potential of NPs was analyzed using broth 

microdilution assays to determine minimum inhibitory concentrations 
(MICs). These assays provide quantitative insights into the lowest con
centration of NPs required to inhibit microbial growth. MIC values were 
determined against two bacterial strains (Arthrobacter sp. and Pseudo
monas stutzeri), and two fungal strains (Aspergillus niger and Penicillium 
citrinum) isolated from contaminated cultural heritage materials. Most 
NP suspensions demonstrated low MIC values, ranging from 3 to 28 
ppm, with a few exceptions. Notably, for several suspensions the MIC 
corresponded to the lowest concentration tested, suggesting that the 
true MIC could be even lower (Fig. 3). Because sample volume was 
limited, we could not repeat the assay to extend the dilution series below 
the 3–27 ppm range available for each batch. In future approaches 
biosynthesis will be scaled up so that a more exhaustive dilution series 
can be performed.

These results highlight the high antimicrobial potential of the bio
synthesized NPs and are in line with observations from other studies 
where the antimicrobial concentration range is similar between gram- 
negative and gram-positive bacteria and between eukaryotic and pro
karyotic cells (Greulich et al., 2012; Loza et al., 2014a). Table 4 sum
marizes seven examples of recent studies covering biosynthesized, 
chemically, physically and commercially produced silver nanoparticles. 
The AgNPs biosynthesized in this study (MIC 3–28 ppm) fall at the low 
end of the reported range. Their performance is comparable to other 
green preparations such as those resulting from fruit extracts (2.1–21 

Fig. 3. MIC and post-exposure regrowth results for nine nanoparticle suspensions against microbial isolates of cultural heritage. 
Legend: Bar charts: minimum inhibitory concentration (MIC); Markers: post-exposure regrowth; The shaded area highlights the range where most MIC values fall 
(10–30 ppm), and the dotted area indicates the range where most post-growth inhibitory values fall (100–300 ppm). *Lowest ppm tested; **highest ppm tested; “>” 
indicates values exceeding the highest ppm tested. MIC values for M1, M1Ma1, M1r6, and M2Mb2 were calculated as the average of two replicates. MIC values for 
M1Mb2, M1Ms5, and M2Ms5 were derived from single replicates. Results for M2Mu7 against Arthrobacter sp. were invalid. Results for Pseudomonas stutzeri were 
discarded as no growth was observed after inoculation.
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ppm and 3.1–12.5 ppm) (Lima et al., 2024; Kifle et al., 2025) and su
perior to other microbial supernatants particles (25–50 ppm) (Bernardes 
et al., 2025). Chemically synthesized particles show similar intervals – 
polyol-PVP spheres require 12.5–25 ppm (Holubnycha et al., 2024) and 
borohydride–citrate AgNPs 2.6–21.25 ppm (Kamer et al., 2024) – 
whereas nanocubes achieve lower MICs at 2.5–5 ppm (Holubnycha 
et al., 2024). Among physically produced AgNPs, ligand-free arc-di
scharge (2–16 ppm) (Elwakil et al., 2024) and laser ablated (5.4–37.8 
ppm) (Morone et al., 2024) AgNPs approach or equal the MIC values 
from this study, but both rely on energy-intensive apparatus and lack the 
biogenic surface corona that improves colloidal stability and may reduce 
cytotoxicity. Reported commercial AgNPs inhibited Gram-negative 
bacteria at 16–128 ppm and Gram-positives up to 256 ppm (Alotaibi 
et al., 2022). Taken together, these comparisons indicate that this 
work’s microbial supernatant route results in silver nanoparticles whose 
antimicrobial efficacy equals or exceeds that of other laboratory and 
commercial formulations, while avoiding toxic reductants, high tem
peratures and specialized equipment – features that favor cultural her
itage conservation with reduced energy consumption, toxic wastes and 
costs.

The variability in MIC values among different NP suspensions may be 
attributed to several factors (e.g., differences in particle size, silver ion 
release rates, and interactions with microbial cell walls). However, due 
to the variable concentrations tested, values could not be tested for any 
dependence. Nevertheless, we could still observe small differences be
tween microorganisms which suggest that their individual structural 
and metabolic features influence susceptibility to NPs, while remaining 
in the same concentration range.

Additionally, a strong inverse relationship between dispersity (Ð) 
and MIC was observed, whereas hydrodynamic size (Z-average) showed 
no clear relationship. Because DLS is intensity-weighted (scattering ∝ 
d6), large particle or aggregates inflate both size and dispersity mea
surements, effectively masking any minority fraction of smaller parti
cles. SEM images confirmed that the “high dispersity” suspensions still 
contain many (mostly) small particles (Table 2) (Fig. S1 and Tables S1, 
S2, and S3, Supporting information 2; “SEM analysis”, Supporting 

information 1). When dispersity is considered – i.e., Z-average standard 
deviation and SEM sizes are equated – smaller sizes tend to coincide with 
stronger antimicrobial activity (lower MICs), in agreement with the 
literature (Menichetti et al., 2023; Ali et al., 2024). Thus, the dispersity 
correlation is indirect: heterogeneity matters only insofar as it signals 
the coexistence of a population of smaller particles that likely govern 
antimicrobial potency in liquid media through their higher 
surface-area-to-volume ratio, faster Ag+ release, and easier cell uptake, 
whereas larger particles lack these advantages.

3.2.2. Post-exposure regrowth
To distinguish between bacteriostatic/fungistatic and bactericidal/ 

fungicidal activity, 10 μL of samples from the broth microdilution assays 
that showed no visible microbial growth (≥ MIC value) were transferred 
onto fresh PDA plates (free of nanoparticles) using sterilized and cali
brated plastic loops. This assay enabled the distinction between static- 
only activity and lethality and allowed for the comparison of effects at 
different concentrations. Most NP suspensions demonstrated lethal ac
tivity, but generally at significantly higher concentrations than those 
required for growth inhibition (Fig. 3). For example, while almost all 
MIC values observed were between 10 and 30 ppm (Fig. 3, shaded area), 
regrowth was completely inhibited only at much higher concentrations 
(~10–fold increase), mostly between 100 and 300 ppm (Fig. 3, dotted 
area), with the clear exception of Aspergillus niger, whose lethal con
centrations are marginally higher than their MICs. These differences 
between MIC and post-exposure growth suggest that at low NP con
centrations microbial growth is inhibited by reversible mechanisms that 
are not related with cell death while at higher concentrations these 
mechanisms do activate.

These findings support the importance of distinguishing between 
growth inhibition and lethal effects when assessing nanoparticle anti
microbial activity, particularly when balancing between desired effect 
and potential toxicity. They also highlight the high antimicrobial po
tential of the biosynthesized NPs, as evidenced by their low MIC values 
and their ability to achieve lethal effects at higher concentrations 
against CH contaminating microorganisms.

Table 4 
Comparative examples of MIC intervals of AgNPs synthesized by different routes.

Syntheses Size (nm)a Capping Tested cultures MIC (ppm) Ref.

Biological
Microbial supernatants 15–60 Protein coronab Arthrobacter sp.; 3–28 This study

Pseudomonas stutzeri; A. niger; Penicillium citrinum
Microbial supernatants (kefir) 50–200 Protein coronab A. baumannii; 25–50 Bernardes et al. (2025)

K. pneumoniae
Plant-extract (guarana) 40–49 Phenolic compounds E. coli; S. aureus; 2.1–21 Lima et al. (2024)

A. fumigatus;
P. chrysogenum;
F. oxysporum;
C. albicans

Plant-extract (banana and orange) 53–56 Protein coronab B. cereus; S. aureus; 3.1–12.5 Kifle et al. (2025)
E. coli; M. morganii;
A. niger; P. digitatum;
A. alternata;
F. oxysporum

Chemical
Polyol method (spheres) 35–50 PVP ESKAPE panel 12.5–25 Holubnycha et al. (2024)
Photomediated (cubes) 45–75 PVP ESKAPE panel 2.5–5 Holubnycha et al. (2024)
Borohydride-citrate reduction ~11c Citrate Pseudomonas spp. 2.6–21.3 Kamer et al. (2024)

Physical
Laser ablation ~83c Ligand-free E. coli; S. aureus 5.4–37.8 Morone et al. (2024)
Arc-discharge ~20c Carbon shell P. aeruginosa strains 2–16 Elwakil et al. (2024)
Commercial (Spray pyrolysisb) 15–25 Ligand-freeb E. coli; 16–256 Alotaibi et al. (2022)

K. pneumoniae;
P. aeruginosa;
A. baumani; Staphylococcus spp.

a Size reported from electron microscopy image measurements (SEM or TEM).
b Probable/hypothesized/inferred.
c Average size.
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3.2.3. Disk diffusion assays
NPs antimicrobial potential was also studied on MHA plates against 

microorganisms isolated from contaminated cultural heritage materials, 
using disc diffusion assays. After incubation we used image analysis 
software ImageJ to precisely measure the inhibition zone diameter. 
(Table 5) (Table 8, Supporting information 2; “Disc diffusion analysis”, 
Supporting information 1).

Generally, at lower silver concentrations (<500 ppm), little or no 
inhibition was observed, while a sharp increase occurred between 500 
and 1000 ppm. Beyond 1000 ppm, inhibition zones plateaued, revealing 
that further increases in silver concentration did not enhance inhibition 
(Fig. 4). We hypothesized that this plateau effect could reflect the result 
from a balance between the growth rate of microorganisms and the 
diffusion rate of Ag-based NPs through the agar medium.

Since this plateau at higher concentrations was unexpected, we 
decided to investigate the profiles for different microbial cultures indi
vidually. Inhibition data across all tested strains (Fig. 5) (“Disc diffusion 
analysis”, Supporting information 1), showed a consistent pattern: a lag 
phase with no inhibition at low concentrations, a linear relationship 
(variable between microorganisms) at intermediate concentrations, and 
the plateau at higher concentrations. Slower-growing microorganisms, 
such as the filamentous fungi P. citrinum and A. niger, showed greater 
inhibition zones at higher silver concentrations compared to faster- 
growing bacteria, such as P. stutzeri and B. cereus. This observation 
suggested that slower growth rates allow fungi to experience greater 
inhibitory effects due to the extended time available for Ag-based NPs to 
diffuse through the agar medium. In contrast, bacteria establish colonies 
more quickly, potentially outpacing the diffusion of silver ions and 
resulting in smaller inhibition zones.

Nevertheless, this trend did not apply universally. Cladosporium 
ramotenellum, the slowest-growing microorganism tested, displayed in
hibition patterns similar to bacterial isolates (Fig. 5), suggesting that 
susceptibility differences were not solely attributable to microbial 
growth rates or metabolic distinctions between fungi and bacteria. 
Instead, the balance between growth rate and nanoparticle diffusion 
appeared to be the key factor. For slower-growing microorganisms, 
diffusion has more time to establish effective concentration gradients, 
resulting in larger inhibition zones. However, in the case of 
C. ramotenellum, the prolonged diffusion time may lead to a “dilution 
effect,” where silver ions are distributed over a larger area, reducing 
local concentrations by the time microbial growth begins.

At lower concentrations Ag-based NPs primarily exhibit micro
biostatic rather than microbiocidal activity, as observed from MIC and 
post-exposure assays comparison. If microorganisms grow rapidly 
before the nanoparticles diffuse sufficiently, their growth may not be 
effectively inhibited, leading to smaller inhibition zones.

3.2.4. Disc diffusion kinetics
Studies have shown a clear relationship between agar concentration 

in culture media and pore size, which directly impacts nanoparticle (NP) 
diffusion (Ackers and Steere, 1962; Pluen et al., 1999). At commonly 
used agar concentrations (~1.5 % w/v), the average pore size is 
approximately 100 nm (Ackers and Steere, 1962). According to the 
Stokes-Einstein relation, the free diffusion rate of particles in solution is 
inversely proportional to their hydrodynamic radius (Stokes, 1851; 
Einstein, 1905). However, in agar gels, diffusion is further restricted by 
the particle-to-pore size ratio, with the restriction following an expo
nential decay relationship (Ackers and Steere, 1962). This means that as 
the particle size approaches the pore size, diffusion becomes increas
ingly difficult. For nanoparticles with a hydrodynamic radius of 40 nm 
or larger (a/r ≥ 0.5), over 90 % diffusion restriction is expected in 1.5 % 
agar gels (Ackers and Steere, 1962). These findings suggest that anti
microbial activity observed in disc diffusion assays is unlikely driven by 
direct nanoparticle diffusion. Therefore, other mechanisms, such as the 
dissolution rate of silver ions from NPs must be considered, which may 
lead to a critical distinction at interpreting assay results.

Published studies have suggested that the antimicrobial activity 
observed in disc diffusion assays with metal nanoparticles (NPs) is pri
marily due to silver ion release rather than direct NP diffusion 
(Kourmouli et al., 2018; Loza et al., 2014a). These studies have also 
raised concerns about the validity of conclusions drawn from such as
says, particularly regarding their applicability to evaluating nano
particle efficacy (Gopal et al., 2018; Kourmouli et al., 2018; Loza et al., 
2014b). However, direct empirical evidence linking silver ion release to 
the inhibition observed in disc diffusion assays has been lacking.

Zhan et al. developed and validated a model for silver ion release 
from nanoparticles based on the Arrhenius equation (Zhang et al., 
2011): 

γAg+ =
3
4

(
8πkBT

mB

)1/2

ρ− 1e

(
− Ea
kBT

)

[Ag]r− 1[O2]
1/2

[H+]
2 

Has previously shown (Fig. 4b), we also identified a good Arrhenius- 
like correlation between silver concentration and microbial inhibition. 
This led us to test, for the first time using empirical data, whether the 
inhibition observed in disc diffusion assays is directly linked to silver ion 
release from the nanoparticles rather than NP diffusion. Our approach 
was as follows: assuming that all parameters in the model except for 
particle radius (r) and density (ρ) remain constant, the silver release rate 
(γAg+ ) should scale proportionally with the initial silver concentration 
(Agconcentration) divided by the NP radius and density. By normalizing the 
silver concentration and microbial inhibition data by these factors, we 
derived the following proportional relationship: 

γAg+ ⋅ r⋅ρ∝κ3,Ag[Ag]

Table 5 
Inhibition from disc diffusion assays of biosynthesized NPs against microorganisms isolated from cultural heritage materials.

NPs samples Inhibition distance from disc hedge (mm)a)

Pseudomonas stutzeri Bacillus cereus Aspergillus niger Penicillium citrinum Cladosporium ramotenellum Averageb)

M1 0.69 ± 0.27 0.73 ± 0.03 0.49 ± 0.25 1.55 ± 0.41 0.80 ± 0.07 0.81 ± 0.10
M1Ma1 0.12 ± 0.13 0.34 ± 0.05 0.92 ± 0.85 1.22 ± 0.28 0.76 ± 0.17 0.63 ± 0.09
M1Mb2 0.53 ± 0.13 0.76 ± 0.18 0.34 ± 0.06 1.34 ± 0.44 0.87 ± 0.11 0.42 ± 0.87
M1Ms5 1.35 ± 0.20 0.94 ± 0.03 2.03 ± 0.23 2.57 ± 0.19 1.33 ± 0.30 1.64 ± 0.15
M1Mr6 1.03 ± 0.29 1.24 ± 0.10 1.66 ± 0.27 2.30 ± 0.14 1.26 ± 0.12 1.50 ± 0.12
M1Mu7 0.42 ± 0.08 0.55 ± 0.19 0.98 ± 0.13 1.07 ± 0.20 1.54 ± 0.32 0.92 ± 0.10
M2 n.i. n.i. n.i. n.i. n.i. n.i.
M2Ma1 n.i. n.i. n.i. n.i. n.i. n.i.
M2Mb2 0.08 ± 0.07 n.i. n.i. n.i. n.i. 0.04 ± 0.02
M2Ms5 n.i. n.i. n.i. n.i. n.i. n.i.
M2Mr6 n.i. n.i. n.i. n.i. n.i. n.i.
M2Mu7 n.i. n.i. n.i. n.i. n.i. n.i.

a) Values represent the average inhibition distance, in mm, from the edge of the disc to the onset of culture growth (averages of triplicates ± standard deviation).
b) The “Average” column refers to the average inhibition distance across the four microorganisms tested. n.i.: no measurable inhibition – corresponding to 0.00 mm.
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If antimicrobial activity is mainly associated with silver ion release, a 
linear relationship between normalized silver concentration and 
normalized inhibition should be observed. Therefore, we plotted the 
normalized values, excluding data points below the minimum silver 

concentration threshold required for inhibition and those within the 
plateau region – which we previously hypothesized to be influenced by 
the balance between diffusion and microbial growth dynamics (Fig. 6) 
(“Inhibition vs. Ag concentration”, Supporting information 1).

Fig. 4. Inhibition vs. Ag concentration curve fitting profiles. 
Legend: a) Sigmoidal curve fitting. b) Arrhenius-like curve fitting.

Fig. 5. Inhibition vs. Ag concentration for individual microbial strains.
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The results provide compelling evidence and strongly support the 
hypothesis (R2 = 0.996 (all); R2 = 0.997 (bacteria); R2 = 0.992 (fungi)) 
that the inhibition observed in diffusion assays is predominantly gov
erned by the silver ions release rate from nanoparticles. We did observe 
differences between profiles from bacteria and fungi (Fig. 6), which 
suggests that the antimicrobial mechanisms are not equivalent. This 
supports observations from previous studies and might be related to the 
distinct NPs internalization capabilities from eukaryotic and prokaryotic 
cells (Loza et al., 2014a).

3.2.5. Diffusion mechanism for Ag-based NPs in agar
Based on observations from both this study and others, we propose a 

mechanism for the Ag+ release from Ag-based NPs and subsequent 
diffusion in antimicrobial diffusion assays (Fig. 7). A few studies (Ackers 

and Steere, 1962; Pluen et al., 1999) have shown that for commonly 
used agar concentrations (~1.5 %, m/v), the diffusion of molecules 
within the size range of larger NPs will be negligible and others have 
shown that Ag+ is released from Ag-based NPs. Silver ion (Ag+) release 
from AgNPs depends on dissolved O2 (Loza et al., 2014a), whereas Ag+

release form AgClNPs appears to rely on light exposure (Li et al., 2024). 
In this study we have shown that the model for Ag+ release developed by 
Zhan et al. (Zhang et al., 2011) applies to disc diffusion assays of 
Ag-based NPs. Consequently, we proved that the antimicrobial activity 
determined with these tests is governed by the Ag+ release rate rather 
than the diffusion of NPs. Additionally, Loza et al. have also shown that 
while dispersed in liquid biological media, Ag is mostly present as 
colloidal AgClNPs due to the reaction between the free Cl− present in the 
media and the released Ag+ (Loza et al., 2014a, 2014b; Loza and Epple, 

Fig. 6. Normalized silver concentration vs. normalized inhibition in disc diffusion assays. 
Legend: a) all microorganisms; b) individual taxa; Both excluding outlier M2Ms5 and no measurable inhibition (n.i.) from Table 5.

Fig. 7. Proposed simplified mechanisms of diffusion of Ag+ and Ag-based NPs in agar culture media. 
Legend: Dashed lines: NPs diffusion and interactions; Solid lines: ions and molecules diffusion and interactions; Gradient arrow pointing from lower to higher 
concentrations of Ag; : impaired NPs diffusion due to size. 1) AgNPs release Ag+ upon oxidation by dissolved O2 and H+ while AgClNPs release Ag+ by interaction 
with UV-radiation; 2) The smallest NPs can diffuse through the agar pores; 3) Released Ag+ readily react with free Cl− ions present in the culture medium to form 
AgClNPs; 4) These interactions, mainly dependent on Ag+ release form NPs, form a concentration gradient that, at high enough concentrations, inhibits microbial 
growth. (Created with BioRender.com)
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2018). We propose that this should also occur in “solid” culture media 
because agar culture media is in fact a hydrogel composed of solid (agar) 
and liquid (culture media) phases. As Armisén and Gaiatas explain, agar 
is known to produce “physical gels” which means that all their structure is 
formed only by the polymer molecules which aggregate through hydrogen 
bonds, resulting in gelling properties that allow them to hold a great amount of 
water which can move more freely (Armisén and Gaiatas, 2009). In fact, it 
has been shown that the water potential in liquid culture media is just 
marginally lower than in agar media (Aujla and Paulitz, 2017), and that 
the free diffusion of molecules such as NaCl – at low concentrations 
(~50 mM), low agar % (~1–3 %, m/v), and common incubation tem
peratures (25–35 ◦C) – is not significantly reduced (Fujii and Thomas, 
1958), meaning that for small molecules (≪ agar pore) and ions, 
diffusion rate is not significantly affected and the observations and re
actions from liquid media should apply to agar media as well.

4. Conclusions

We have successfully synthesized Ag-based NPs by adding AgNO3 to 
supernatants of microbial cultures. These nanoparticles showed high 
bacteriostatic/fungistatic antimicrobial potential, with MIC values 
mostly ranging from 3 to 28 ppm against microbial isolates from cultural 
heritage materials, whereas a 10-fold increase in concentration was 
generally required for lethal activity to be observed. Kinetic analysis of 
disc diffusion results, using a model for Ag release from NPs (Zhang 
et al., 2011), revealed for the first time, to the best of our knowledge, 
that inhibition zones are directly proportional to silver ion release rates 
from nanoparticles rather than their direct diffusion in agar. Addition
ally, the sigmoidal profile observed between inhibition zones and Ag 
concentration suggests that these zones result from a complex balance 
between silver release kinetics, the diffusion rate of agar-formed 
AgClNPs, and microbial growth rates. Together, these observations 
challenge the effectiveness of the disc diffusion method for evaluating 
nanoparticle antimicrobial activity and support the concerns raised in 
previous studies (Gopal et al., 2018; Kourmouli et al., 2018; Loza et al., 
2014a). These findings also led to the proposal of a simplified mecha
nism for diffusion assays of Ag-based NPs. Despite its widespread use, 
disc diffusion assays prove inadequate for directly assessing the anti
microbial effects of nanoparticles, as it primarily reflects the balance 
between microbial growth kinetics and the diffusion dynamics of 
AgClNPs formed through complex ion-media interactions. Therefore, 
given the strong antimicrobial potential of biosynthesized Ag-based NPs, 
particularly against CH-associated microorganisms, it is critical to adopt 
and standardize alternative evaluation techniques. Additionally, these 
findings carry broad implications beyond CH conservation, extending 
into human health, medicine, and biotechnology – fields in which ac
curate assessment of nanoparticle antimicrobial efficacy is paramount 
for both clinical and industrial applications. Methods such as colony 
counts on agar-spread nanoparticles offer alternative approaches to 
accurately measure nanoparticle activity and should be further explored 
to replace diffusion-based assays.
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Regi, M., Köller, M., Epple, M., 2014a. The dissolution and biological effects of silver 
nanoparticles in biological media. J. Mater. Chem. B 2, 1634. https://doi.org/ 
10.1039/c3tb21569e.

Loza, K., Sengstock, C., Chernousova, S., Köller, M., Epple, M., 2014b. The predominant 
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